THE advent of high throughput, short read sequencing (also known as next-generation sequencing, NGS) and the availability of whole genome sequences can accelerate the molecular study of genetic phenomena. In genetic model organisms with small genome sizes, such as *Arabidopsis thaliana*, genes disrupted by ethyl methanesulfonate (EMS) mutations have been cloned by shotgun sequencing of DNA derived from pooled mutants ([@bib45]; [@bib4]; [@bib35]; [@bib51]; [@bib30]; [@bib58],[@bib59]) analogous to the bulked segregant analysis approach ([@bib34]). Community efforts to generate crop genome sequences were expected to enable researchers to quickly clone genes to answer biologically relevant and agriculturally pertinent questions. NGS-enabled cloning has been successful in maize for cloning transposon insertion sites ([@bib56]) and in rice for agronomically important traits ([@bib1]).

Sorghum is a cereal crop of critical importance as a food and forage source in hot, arid environments and is a promising bioenergy crop in the United States. The sorghum genome of accession BTx623 is sequenced and well annotated ([@bib40]). It is a diploid species with a genome size of 700 Mb, roughly five times the size of *A. thaliana*. Sorghum is genetically variable with many diverse genetic stocks including natural ([@bib10]) and induced variation ([@bib7]). This sequenced genome makes sorghum an excellent system to demonstrate the practicality of NGS for forward genetics and mutant gene identification. The utility of sequencing mutants to identify the causative polymorphism was tested using a metabolite phenotype connected to insect herbivory.

Cyanogenic glycosides (CGs) belong to a class of plant allelochemicals which negatively impact animal and human nutrition. More than 2650 plant species are cyanogenic and release hydrogen cyanide (HCN) upon tissue disruption ([@bib13]; [@bib47]), making the plant material toxic to humans and most animals ([@bib38]). Given the toxicity of HCN, CGs are known to play a role in plant defense against herbivores ([@bib46]; [@bib20]; [@bib36]; [@bib18]; [@bib49]). In sorghum, genes encoding the enzymes for synthesis and catabolism of the predominant CG, dhurrin, have been determined (reviewed in [@bib9]; [@bib19]). *Dhurrinase1* (*dhr1*) and *dhurrinase2* (*dhr2*) are enzymes responsible for HCN release in sorghum and exhibit high specificity for their physiological substrate, dhurrin ([@bib26]). *Dhr1* accumulates in the mesocotyl and in root tips, while *dhr2* accumulates in leaves ([@bib50]; [@bib26]; [@bib11]). It is speculated that HCN release following tissue damage by chewing deters insect herbivory of sorghum ([@bib28]; [@bib25]; [@bib43], [@bib44]; [@bib21]). Thus far, a single acyanogenic sorghum mutant, deficient in dhurrin biosynthesis due to loss of function of CYP79A1, has been described ([@bib7]) but many more genes are known to be involved in dhurrin biosynthesis and catabolism. Genetic lesions responsible for acyanogenic sorghum mutant phenotypes should be identifiable using (1) the sequenced genome of sorghum, (2) current NGS technology, (3) an easily quantifiable phenotype for HCN production, and (4) an expertly curated candidate gene list.

In this study, we used NGS to identify a mutation in the dhurrin catabolic pathway that is the cause of an acyanogenic sorghum mutant phenotype. A high-throughput colorimetric technique was used to screen a sorghum EMS-mutagenized population for acyanogenic individuals. Whole genome, short read sequencing of one acyanogenic sorghum mutant individual identified a single EMS mutation on chromosome 8 predicted to truncate the *dhurrinase2* protein, a catabolic enzyme that is required for dhurrin deglucosylation and subsequent HCN release. The phenotype was demonstrated to cosegregate with the polymorphism and to alter insect choice and herbivory. Despite the discovery of dhurrin and with it the requirement for dhurrinase enzyme activity in 1902 ([@bib16]), this is the first report of a mutant defective in dhurrinase activity.

Materials and Methods {#s1}
=====================

Cultivation of plants {#s2}
---------------------

Prior to sowing, sorghum \[*Sorghum bicolor* (L.) Moench\] seeds were treated with a suspension of Maxim 4FS (0.08 ounces, oz.), Apron XL (0.32 oz.), colorant (0.25 oz.), and water (12.7 oz.). Treated seeds were grown in the Purdue University Agronomy greenhouse facilities and either sown in sand benches or in 2-gallon plastic pots and flats filled with a 1:1 mix of sand and local soil (sandy loam, 2.0% organic matter) as substrate. Growth conditions were as follows: 14 hr light period with 21--33°. Plants were fertilized with Osmocote (14-14-14; Scotts, Marysville, OH).

Identification of an acyanogenic sorghum line {#s3}
---------------------------------------------

Three sets of ∼1.5 kg BTx623 seeds were treated with 25, 35, or 45 mM EMS for ∼20 hr and then rinsed thoroughly with water. The mutagenized seeds were planted at the Purdue Agronomy Center for Research and Education (ACRE, West Lafayette, IN) in the summer of 2009. The 45-mM rate of EMS produced M1 plants with the most severe chemical injury (data not shown). Selfed families from 1000 fertile plants treated with 45 mM EMS were used for a mutant screen.

We screened the EMS population for variation in HCN release using the Feigl--Anger paper assay as previously described ([@bib23]). This test measures HCN release capacity (HCNc) ([@bib3]; [@bib5]). Approximately 15 to 20 seeds were grown from 1000 of the EMS M2 families and 300 genotypes of the sorghum association panel. From each genotype, the youngest leaf was sampled from 10 individuals at the 2- to 3-leaf stage and placed in 96-well plates. Plates were then incubated at --80° for 3 hr. The plates were thawed, wiped clean of moisture with paper towels, and covered with Feigl--Anger paper ([@bib17]; [@bib29]; [@bib48]; [@bib7]). A 96-well plate lid was placed over the paper to provide a tight fit. Plates were incubated at 35° for ∼20 min to allow tissue lysis. Blue spots on Feigl--Anger paper indicate HCN release and an absence of a blue spot indicates a lack of HCN release and an acyanogenic phenotype ([Supporting Information](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-1.pdf), [Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-4.pdf)).

HPLC determined dhurrin content in the youngest fully expanded leaf from seedlings and adult sorghum. Fresh weight was recorded. Samples were immersed in 500 µl 50% methanol at 75° for 15 min to inactivate catabolic enzymes and extract metabolites. Samples were analyzed on a Shim-pack XR-ODS column (3.0 × 75 mm, 2.2 μm; Shimadzu, Kyoto, Japan) using a gradient from 5% acetonitrile in 0.1% formic acid to 15% acetonitrile in 0.1% formic acid at a flow rate of 1 ml min^−1^. Dhurrin was quantified by using *p*-hydroxybenzaldehyde as a standard ([@bib15]).

Next generation whole genome sequencing {#s4}
---------------------------------------

DNA isolation for NGS sequencing was conducted by grinding 100--200 mg of young leaf tissue in a 1.5-ml microfuge tube in liquid nitrogen using a metal rotary pestle and electric grinder. To each tube, 700 μl of extraction buffer \[7 M urea, 50 mM Tris-HCl pH 7.5, 0.3 M NaCl, and 20 mM EDTA pH 8.0, 2% (w/v) Sarkosyl\] was added. Then, 700 µl of phenol:chloroform:isoamyl alcohol (25:24:1) saturated with 10 mM Tris pH 8.0 (Sigma-Aldrich, St. Louis) was added. After thorough mixing, the sample was centrifuged at 17,950 × *g* (Centrifuge 5424 Eppendorf; Hauppauge, NY) for 10 min. The aqueous phase was then transferred to a clean 1.5-ml microfuge tube. DNA was precipitated by adding 1/10 volume sodium acetate (pH 5) and then an equal volume of cold isopropanol. DNA was pelleted by centrifugation (17,950 × *g*) for 10 min, washed with 70% ethanol, and resuspended in 200 µl of distilled water.

To identify EMS mutations in the acyanogenic mutant, the genome of a single homozygous mutant plant was sequenced using an Illumina HiScanSQ instrument (Illumina, San Diego) at the Purdue University Genomics Core Facility (West Lafayette, IN). Approximately 20 million 100-bp paired-end sequencing reads resulted in 17-fold genomic coverage when aligned to the BTx623 reference genome sequence ([@bib40]). Single nucleotide polymorphisms (SNPs) were called using the Illumina CASAVA pipeline (software version 1.7.0, 201l). The sorghum genome includes nearly 7 Mb of assembled DNA unassigned to any of the 10 chromosomes. We focused on the SNPs within the assembled 10 chromosomes. To identify the EMS mutant within this collection of real and false-positive SNP calls, a workflow was created to identify the gene(s) responsible for any EMS mutant ([Figure 1](#fig1){ref-type="fig"}). SNPs were filtered by the following criteria: (1) Coverage must be \<100 reads to remove many repetitive elements; (2) SNPs must be identified as homozygous; (3) SNP-containing reads must be derived from both strands; (4) SNPs must fall within the coding regions of the sorghum genome; and (5) EMS mutations cause G-to-A nucleotide changes ([@bib24]), so only G:C to A:T transitions were retained. All filtering was done using Galaxy ([@bib6]; [@bib22]; <https://main.g2.bx.psu.edu/>). The annotation of the genome contains three genes from the dhurrin biosynthetic pathway (CYP79A1, CYP71E1, and UGT8581; [Figure 2A](#fig2){ref-type="fig"}) and three genes from the catabolic pathway (*dhurrinase1*, *dhurrinase2*, and alpha-hydroxynitrile lyase; [Figure 2B](#fig2){ref-type="fig"}; [Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-5.pdf)).

![NGS SNP narrowing to causative mutation. The lines are representative of base pairs (bp) of the genome. The coding sequence represents ∼13% of the whole genome. Steps for SNP filtering are as follows: (1) SNPs within the coding sequences, (2) G-to-A as well as complementary C-to-T SNPs in coding sequence, and (3) SNPs within the candidate gene list.](309fig1){#fig1}

![Metabolism of cyanogenic glucosides in sorghum \[*Sorghum bicolor* (L.) Moench\]. (A) The biosynthesis of cyanogenic glycosides in sorghum is catalyzed by three enzymes CYP791A, CYP71E1, and UGT85B1. (B) The cyanogenic glucosides in sorghum are catabolized by two enzymes, dhurrinase and α-hydroxynitrile lyase. Dhurrin turn-over is supposed to involve a dhurrinase and a protein cofactor.](309fig2){#fig2}

Mutation confirmation by Sanger sequencing and cosegregation analysis {#s5}
---------------------------------------------------------------------

PCR amplification conditions for the *dhr2* gene were as follows: (step 1) initial incubation at 95° for 3 min; (step 2) 34 cycles of 95° for 30 sec, 55° for 30 sec, and 72° for 1 min; and (step 3) 72° for 5 min. Primers used were: Dhr2F1 (5′-AACTTGTTGATAGACAACGGCATA-3′) and Dhr2R1 (5′-AAGGTATGGCTCTCTGATTGAGTC-3′) ([@bib37]). A Zymoclean gel DNA recovery kit (Zymo Research, Irvine, CA) was used to clean and recover the PCR products. Sanger sequencing of the PCR products was performed at the Purdue Genomics Core Facility.

A KASPar genotyping assay was used to assess cosegregation between the *dhr2-1* EMS allele and the HCNc phenotype in a segregating F~2~ population created by crossing the BTx623 parent with the mutant. The following sequence was used to generate a KASPar (Kbioscience, Hoddesdon, UK) assay for SNP detection (CATTATCCAATGCGCAAATTTAAGTTTTGACGAATCATTCTTAATTTACTCATTGCAACTCATCAGGCATAGAGCCATATGTAACAATTTTCCACTG(G/A)GACACGCCTCAAGCACTGGTAGATGACTACGGCGGCTTCTTAGATAAGAGAATTATGTAAGTACTACTCCCTCCATCCCAAATTGTAAGTCATTCCAAGAATCTTGGAGAGTCAAAGCA). DNA was extracted from a segregating F~2~ population. Approximately 40 ng of DNA, 2 µl of the 2X KASPar reaction mix and 0.055 µl of KASPar assay (Kbioscience) were used per reaction. PCR conditions were as follows: (step 1) initial incubation at 94° for 15 min; (step 2) 10 cycles of 94° for 20 sec, followed by 60 sec at 65° in the first cycle dropping 0.8° per cycle with the final cycle at 57°; (step 3) 94° for 20 sec, 57° for 60 sec repeated for 26 cycles on a Roche Light cycler 480 (Roche Applied Science, Indianapolis). Fluorescence from the PCR product was read using the Roche Light cycler 480 (Roche Applied Science) and the data analyzed using the LightCycler 480 SW 1.5 software program (Roche Applied Science).

Insect herbivory measurements {#s6}
-----------------------------

Insect feeding choice of fall army worm (*Spodoptera frugiperda*) was observed on the acyanogenic sorghum. *S. frugiperda* eggs and third instar larvae were obtained from Benzon Research (Carlisle, PA). Eggs were hatched in a 1-gallon plastic bag with high humidity at 29° in an incubation chamber. The hatched larvae were then transferred into feeding media containers (Benzon Research) and allowed to grow to third through sixth instar at 28°.

*S. frugiperda* settling preference choice experiments compared wild type (BTx623) to the acyanogenic mutant. The youngest, fully expanded leaves from 3-wk old BTx623 sorghum wild-type and mutant plants were harvested. Three leaves from a genotype were bundled into a stack and five stacks including at least two of each genotype were placed around the perimeter of plastic containers in a randomized design. The third through sixth instar stage *S. frugiperda* larvae were starved for 3 hr and released into the center of the container. Insects were allowed to feed for 12 hr and the settling preference of the insects was measured by counting the number of insects on each of the leaf stacks.

Whole plant insect settling preference as well as the *S. frugiperda* feeding habits were characterized over a 24-hr period. The BTx623 parent and the acyanogenic mutant plants were grown in 2-gallon pots on a 1:1 mix of sand and soil. Ten 3-wk-old plants of each genotype were transplanted into plastic flats and were randomly placed. The third through sixth instar stage *S. frugiperda* larvae were starved for 3 hr and released into the center of the flats at the rate of 60 insects per flat. The entire flat, along with the plants and insects, were covered with a transparent plastic dome to prevent insect escape. Twenty-four hours after infestation, the settling preference of the insects was measured by counting the number of insects on each plant. The similarity between the preinfested fresh weights of the plants of both parent and mutant genotypes was established by performing a *t*-test on the fresh weights of randomly selected plants from both genotypes of each plastic flats. Postinfested fresh weight measurement of plants of both the genotypes was done 24 hr after insect infestation.

Results {#s7}
=======

Identification of an acyanogenic mutant of *S. bicolor* {#s8}
-------------------------------------------------------

To find sorghum compromised in HCN release, an EMS-treated population of BTx623 was analyzed for HCN release (HCNc) using the Feigl--Anger paper method ([@bib17]; [@bib29]; [@bib48]; [@bib23]; [@bib7]). Approximately 1000 independent M2 families were screened. From this screen, a single family was identified with no Feigl--Anger detectable HCNc following incubation at 35° ([Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-4.pdf)). We refer to this slow HCN emitting phenotype as "acyanogenic" for simplicity. The slow HCN emitting plants were indistinguishable at a gross morphological level from the wild type ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-2.pdf)). Flowering time and seed set produced by the mutant were also similar to the wild-type parent (data not shown). Given the apparent lack of a phenotype for HCNc suppression, we tested 300 sorghum inbreds to see if a natural variant could be identified in which HCNc was similarly decreased. A selection of 300 genotypes from the sorghum association panel ([@bib10]) from diverse geographic and genotypic backgrounds was analyzed by the Feigel--Anger paper assay. HCNc varied among the different accessions but no null phenotypes were observed ([Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-4.pdf)).

Disruption in the dhurrin biosynthetic or catabolic pathways would block HCNc. Dhurrin content of the acyanogenic mutant and BTx623 plants at different growth stages was quantified by HPLC. Maize (*Zea mays*) does not produce dhurrin and was used as a negative control. As shown in [Figure 3](#fig3){ref-type="fig"}, the HCNc mutant plants had dhurrin contents similar to wild-type BTx623, suggesting that dhurrin biosynthesis was unaffected. A reduction in dhurrin between the seedling and adult plants was observed in both BTx623 wild type and the mutant ([Figure 3](#fig3){ref-type="fig"}), consistent with previous observations ([@bib16]; [@bib2]; [@bib14]). Given that dhurrin accumulated in the mutant, the acyanogenic phenotype is likely due to a disruption of dhurrin catabolism.

![HPLC analysis was performed to estimate dhurrin content of young seedlings and adult sorghum BTx623 and *dhr2-1* mutant plants (mg of dhurrin per g of fresh weight). Similarly developed maize leaves were used as negative controls. Along the *x*-axis is the dhurrin content and the *y*-axis represents the mean value of either adult or seedling leaf tissue from sorghum BTx623, *dhr2-1* mutant, or maize.](309fig3){#fig3}

Identification of the *dhurrinase2-1* mutation by NGS of acyanogenic sorghum {#s9}
----------------------------------------------------------------------------

A NGS sequencing approach was used to identify the causal mutation of the acyanogenic sorghum phenotype. We sequenced a homozygous acyanogenic mutant plant. Over 20 million 100-bp reads, ∼2 million reads per chromosome, were obtained from the mutant and aligned to the reference genome (BTx623; [@bib40]) using the CASAVA pipeline (2011, v1.7.0). There are 700 (6.97 × 10^8^) Mb in the Sorghum genome. Approximately 11,625 SNPs were called between the reference genome and the acyanogenic mutant. Two different comparisons were carried out to narrow the causative SNP location. Of the 11,625 SNPs, 2131 SNPs were within coding sequence. As the vast majority of EMS mutations are G:A transitions ([@bib24]), we further limited our search to G:A, and the complementary C:T, SNPs, leaving 577 SNPs ([Figure 1](#fig1){ref-type="fig"}). Simultaneously, a set of six candidate genes was identified representing the dhurrin biosynthetic and catabolic pathways ([Figure 1](#fig1){ref-type="fig"}). Using the six candidate genes, the 700 Mb sorghum genome of nearly 30,000 coding sequences or ∼13% (8.89 × 10^7^ bp) of the genome was narrowed to \<0.02% (1.8 × 10^4^ bp) of the genome. Three enzymes are involved in dhurrin catabolism ([@bib26]; [@bib54]) and currently, four genes have been annotated as dhurrinase-like (Sb08g007610, Sb08g007650, Sb08g007586, and Sb08g007570) and one gene (Sb04g036350) as hydroxynitrile lyase-like in the sorghum genome ([@bib40]; <http://www.phytozome.net>). A single G-to-A SNP transition was identified in the *Durrinase2* (*dhr2*) (Sb08g007610) gene. This transition results in a nonsense mutation (Tryptophan 194 to STOP) within the first third of the protein ([Figure 4](#fig4){ref-type="fig"}) and is predicted to cause a nonfunctional enzyme. We have named this mutant allele, *dhr2-1*, to match the underlying molecular identity and nomenclature of the disrupted gene. To confirm the EMS-induced mutation, we used targeted Sanger sequencing (Purdue Genomics Core facility) of PCR products from DNA isolated from *dhr2-1* mutants and BTx623 (data not shown). The G-to-A nonsense SNP was observed in the mutant but not the wild-type allele, which confirmed the previously identified SNP.

![Protein sequence alignment of *durrinase2* (*dhr2*) (Sb08g007610) from cDNA translation and the projected *dhr2* protein truncation. In the *dhr2-1* mutant, the tryptophan 194 is converted to a stop codon due to the single G-to-A transition. Shading represents the projected glycosyl hydrolase domain ([@bib31]; <http://www.ncbi.nlm.nih.gov>). Amino acids in boldface type represent shared motifs between cyanogenic glucosides ([@bib12]).](309fig4){#fig4}

Cosegregation of the *dhr2-1* allele and HCNc {#s10}
---------------------------------------------

To confirm linkage of the putative causal mutation in *dhr2* to the acyanogenic phenotype, we tested cosegregation of the nonsense SNP in Sb08g007610 and the HCNc phenotype. F~1~ plants from a cross between BTx623 and *dhr2-1* mutants all exhibited the typical rapid blue spot development phenotype associated with the BTx623 parent on Feigl--Anger paper ([@bib17]; [@bib29]; [@bib48]; [@bib23]; [@bib7]), indicating that *dhr2-1* is recessive to the wild-type *dhr2* allele. A KASPar (Kbioscience) assay was developed using the G-to-A nonsense SNP in Sb08g007610 and applied to the F~2~ segregating population. The segregation ratio for this codominant molecular marker was consistent with the Feigl--Anger assay (data not shown). Of 25 HCNc negative plants screened, all were identified as *dhr2-1* homozygotes on the KASPar assay ([Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.149567/-/DC1/genetics.113.149567-3.pdf)). Thus, the acyanogenic phenotype in *dhr2-1* is a recessive mutation at a single genetic locus and the G-to-A SNP in *dhr2* is the likely causal mutation.

Insect herbivory measurements of acyanogenic sorghum {#s11}
----------------------------------------------------

Settling preference choice tests of *S. frugiperda*, the fall army worm, were conducted to evaluate the role of HCN release in deterrence of insect herbivory. One settling preference test was conducted with sorghum leaf stacks in which *S. frugiperda* larvae were allowed to choose between sorghum leaf cuttings from the BTx623 and *dhr2-1* genotypes. Eighteen independent measurements were made for each genotype. Settling preference of the insects was quantified by counting the number of insects present on each genotype 12 hr after infestation. A two-tailed *t*-test (JMP; v8.0.1) indicated that a greater number of insects settled on the *dhr2-1* acyanogenic mutant leaf cuttings than the BTx623 wild-type leaf cuttings (*P* \< 0.0175; [Figure 5](#fig5){ref-type="fig"}).

![Insect (*S. frugiperda*) settling preference for BTx623 wild-type sorghum and *dhr2* leaf tissue. Five replicates of randomly placed leaf stacks of young leaflet cuttings or whole plants of BTx623 and *dhr2-1* genotypes. The settling preference of the insects was measured by counting the number of insects on each of the leaf stacks 12 hr after infestation or 24 hr after infestation for the whole plant experiment.](309fig5){#fig5}

A second settling preference test was conducted with whole plants in greenhouse trays. In this experiment, infestation counts as well as pre- and postinfestation weights were measured in 17 independent tests for each genotype. As with the leaf cutting settling experiment, a *t*-test indicated a significantly higher number of insects settled on the *dhr2-1* mutant plants compared to the BTx623 parent plants (*P* \< 0.001; [Figure 5](#fig5){ref-type="fig"}). *S. frugiperda* both chose acyanogenic mutant individuals and consumed them to a greater degree than the wild-type plants ([Figure 6](#fig6){ref-type="fig"}). A *t*-test failed to detect a difference between fresh weights of the BTx623 and *dhr2-1* plants prior to infestation. Similarly there was no difference between controls and postinfestation weights within the wild-type plants (*P* \> 0.3276; [Figure 6](#fig6){ref-type="fig"}). Increased herbivory of the *dhr2-1* acyanogenic mutants resulted in differences in postinfestation fresh weight in comparisons. Both the comparison between BTx623 and *dhr2-1* postinfestation weights and the comparison between controls and postinfestation weights of *dhr2-1* were significant in *t*-tests (both tests *P* \< 0.001). Thus, decreased HCN release without disruption of dhurrin production resulted in increased feeding by *S. frugiperda*.

![Whole plant examination of insect (*S. frugiperda*) leaf consumption. Pre- and postinfestation weights were taken on whole plant BTx623 wild-type and *dhr2-1* mutant individuals and compared using a one-tailed *t*-test. Mean weight in grams is along the *x*-axis and the *y*-axis is both pre- and postinfestation weights for the BTx623 and *dhr2-1* mutant individuals.](309fig6){#fig6}

Discussion {#s12}
==========

We have successfully demonstrated the use of next generation sequencing to identify an EMS-induced mutation responsible for cyanogenic glycoside breakdown in the complex genome of a nonmodel crop species. Previous use of NGS in targeted gene cloning has focused on model organisms \[*e.g.*, *A. thaliana* ([@bib35]; [@bib51]; [@bib4]), *Drosophila melanogaster* ([@bib8]; [@bib55]), *Caenorhabditis elegans* ([@bib42]), and fission yeast ([@bib27])\]. Sorghum, while sequenced ([@bib40]), has not been used successfully to clone genes using NGS tools. To demonstrate that current NGS methods are suitable for gene cloning in a more complex genome, such as cereal crop species, we used a mutant of sorghum with a robust and easily quantifiable phenotype, HCNc.

Determining that *dhr2* contained the molecular lesion by NGS was enabled by the accuracy and comprehensive view of the genome. Had we taken a more traditional positional-cloning approach, recombination would not efficiently distinguish the candidates as four dhurrinase-like paralogs, which are within 628,373 bp of each other. Substantial sequence similarity between these paralogs also complicates direct sequencing of PCR products due to coamplification of highly conserved sequences shared by multiple paralogs. The whole genome, NGS approach, however, was able to resolve these paralogs and pinpoint the exact mutation. In addition, whole genome shotgun sequencing was more cost and time efficient than targeted sequencing of the candidate gene. Currently, a single lane of Illumina HiSequation 2500 sequencing is approximately \$2500 USD and library construction is \$100 USD, which yields ∼37.5 Gb of data (<http://www.illumina.com>). Thus, a single lane provides ∼53-fold coverage of the 700-Mb sorghum genome. In this study, we obtained enough sequence data to provide a genome-wide average of 17-fold coverage. At the site of the mutation in *dhr2-1* we only obtained four reads, all of which contained the G-to-A mutation. For most genes, which are not encoded by highly similar gene families, such as dhurrinases, we feel that mutation discovery could be accomplished with lower genomic coverage and therefore lower costs. At current costs for sequencing, genomic DNA libraries derived from four sorghum mutants could be sequenced to 13-fold genomic coverage for \$2900 USD on a single lane at a cost per mutant of \$725 USD. Comparing PCR costs for a candidate gene approach, NGS costs less than the PCR and bidirectional sequencing of a single 96-well plate of candidate gene amplicons. This NGS approach allows the discovery of SNPs in the entire genome, not just a few amplified genes. Had our mutant not been within our list of candidate genes, sequencing of the entire genome detected 576 other G-to-A mutations present in coding sequences of the mutant. Approximately half of G-to-A mutations in coding sequences result in missense, nonsense, or splice-site mutations. Annotation of the likely functions of the gene products affected by these mutations and tests of the likelihood of functional disruption by each mutation can narrow the list of candidate polymorphisms. Cosegregation of polymorphisms and the mutant phenotype can test possible causal mutations.

To expedite the process of sifting through \>20 million short reads and make the method utilized widely available, we created a workflow within the Galaxy bioinformatics package ([@bib6]; [@bib22]; <https://main.g2.bx.psu.edu/>) to pinpoint the exact gene(s) responsible for the acyanogenic mutation ([Figure 1](#fig1){ref-type="fig"}). The workflow can identify and filter SNP variation from sequencing data in a semiautomated manner and rapidly identify a narrow candidate polymorphism list from anywhere in the genome. In the mutant line that contained the *dhr2-1* mutation, 11,625 homozygous SNPs were identified between the reference genome of BTx623 and the acyanogenic mutant. Once homozygous SNPs were filtered for coding sequences (8.89 × 10^7^ bp or ∼13% of the whole genome), 2131 SNPs or 18% fell within coding sequences. The SNP calling method employed by CASAVA (version 1.7.0, 2011) also provides a list of positions for which multiple reads contained the reference base and a SNP, consistent with a heterozygous polymorphic locus. As our material was substantially inbred, we hypothesize the majority of these "heterozygous" SNP positions result from sequencing or mapping errors. Consistent with the hypothesis that many of these are misalignments of repetitive sequence or the result of polymorphism between undetected paralogous sequences in the current sorghum genome assembly, only 1511 of the 14,334 heterozygous SNPs fell within coding sequences, ∼11%, a significantly lower proportion than the homozygous SNPs (*P* \< 0.001).

The vast majority of phenotype-inducing alleles isolated from EMS-treated populations are due to G:C to A:T mutations caused by the alkylation of DNA by EMS ([@bib24]). Among the homozygous SNPs identified in this study, only 577 mutations occurred in the coding sequences of sorghum and were G:C to A:T mutations. Among the candidate genes, a single mutation located in coding sequence was identified within the list of 577 SNPs. Thus, using knowledge about EMS mutations and a subset of the genome likely to affect our phenotype, a single G-to-A mutation in the *dhr2* (*dhurrinase2*) gene was identified as the *dhr2-1* allele. A similar approach, but using line cross linkage mapping, has been used previously to narrow the number of candidate polymorphisms down to a single causative ([@bib45]; [@bib35]; [@bib51]; [@bib4]; [@bib1]; [@bib30]; [@bib58],[@bib59]).

Previous work has identified sorghum mutants deficient in dhurrin production and cyanide release ([@bib7]). The molecular lesion for one of these mutants was demonstrated to be a mutation in CYP79A1, the first enzyme in dhurrin production. Similar to the method employed in this study, identification of the mutant allele in CYP79A1 relied on previous knowledge of the dhurrin pathway. The authors first identified mutants defective in HCN release using the Feigel--Anger paper assay and then used the mutation discovery method employed in TILLING ([@bib32],[@bib33]; [@bib24]) to profile mutations in known biosynthetic enzymes, including CYP79A1. The authors identified a number of alleles in P450s involved in dhurrin biosynthesis as well as the glycosyl transferase, UGT85B1. In addition to the biosynthesis mutant affected in CYP79A1, the authors also identified three mutants of an unknown molecular nature, all of which were not affected in any of the P450s known to participate in the biosynthesis of dhurrin. These mutants may include alleles at dhurrinase loci, and future work will be required to determine if this is the case. Due to the ease of implementing our workflow and current sequence cost, we estimate the cost of cloning all three remaining mutants in the Blomstedt study (2012) at \$2800 USD.

In this study, the identification of mutants that are not compromised in their ability to synthesize dhurrin but are affected in HCNc allowed us to characterize the effects of cyanogenesis on insect herbivory. Previously, the *dhr1* (Sb08g007570) and *dhr2* (Sb08g007610) genes were cloned (reviewed in [@bib11]; [@bib53]; [@bib19]) and both enzymes encoded by these genes exhibit high specificity for dhurrin, their physiological substrate, as well as the structural analog sambunigrin ([@bib26]). The *dhr2* gene accumulated in leaves ([@bib50]; [@bib26]; [@bib11]) so a mutation in *dhr2* should impact herbivory and plant establishment if HCNc is an important deterrent to chewing insects. Recombinant expression of the dhurrin pathway in barley ([@bib37]) and *A. thaliana* ([@bib49]) resulted in the protection from insect predation. In Lima bean (*Phaseolus lunatus* L.), HCNc of 1-μM release within 10 min is enough to deter the generalist herbivore *Schistocerca gregaria* Forskal from feeding on leaves ([@bib5]). In sorghum, insect damage was negatively correlated with the levels of cyanogenic compounds and phenolic compounds ([@bib57]). We have extended these findings to also show that *S. frugiperda* preferentially settled on the sorghum plants that accumulate dhurrin but have potentially very low-level release of cyanide. The *dhr2-1* mutants were preferred and the insects fed to a greater degree in the absence of rapid release HCNc ([Figures 3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}). This demonstrated, using a single-gene disruption of *dhr2*, that sorghum cyanogenic glycosides are likely not sufficient to deter the generalist herbivore *S. frugiperda* in the absence of cyanide release.

Conclusions {#s13}
-----------

We have successfully used NGS for forward genetics and gene cloning in sorghum. This allowed us to identify the mutation responsible for an HCNc phenotype and demonstrated that current affordable, high-volume whole genome sequencing along with available analytic methods could efficiently identify causal mutations in complex eukaryotic genomes. Isolation and characterization of the mutant allowed us to demonstrate a requirement for rapid cyanide release by *dhr2* to deter insect herbivory. Like the role of cyanide release in insect deterrence, there are many biological questions that can only be answered in nonmodel organisms. The application of rapid forward genetic methods should usher in an era of fundamental insights into the genetic mechanisms responsible for biological phenomena in crops and the genetics of adaptation in any species, even those with complex eukaryotic genomes.
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